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FOREWORD

This experiment was conducted to verify theoretical calculations
of wall thickness effect on the shielding characteristizs of a concrete
blockhytse in a uniformly contaminated fal2- At field. The work was
within t~le scope of Task Number IAO2260IA089-OI, "Studies and Investi-
gattons, Atomic Defense Techniques."
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DIGEST

This experiment was conducted to verify theoretical calcula-
tions of wall thickness effect, on the shielding characteristics of a
concrete blockhouse in a uniformly contaminated fallout field.

Two gaama emitters, cobalt 60 and cesium 137, were used to
simulate uniform planes of contamination. The dote rates at various loca.
tions within blockhouses with wall thickness of 48 psf, 93.7 psf, anm
139 psf were measured with ionization-chamber dosimeters. Reduction
factors were calculated from the data taken at the center detector
positions and compared with reduction factors computed from the
theoretical calculations of Dr. L. V. Spencer, National Bureau of
Standards.

1. Experimental and theoretical reduction factors 3 feet and
6 feet above the center of the concrete blockhouse agreed within
±15 percent for a uniformly contaminated plane of cobalt 60, and
within ±20 percent for cesium 137.

2. Cobalt 60 and cesium 137 radiation show approximately
exponential attenuation of dose rate as a function of wall thicknessranging from 48 to 1139 psf for detector heights of 0 (ground level),

•t 3, and 6 feet.

)MILITARY APPLICATION

Radiation hazards caused by fallout from nuclear explosions
require the military to take advantage of all possiblý means of
shielding to protect both the field armies and personnel in fixed
military installations. One means of obtaining protection is to
utilize available above-ground structures; however, the military
commander must be furnished with quantitative estimates of the pro-
tcction afforded by available structures. Spencer's mc-hod gives
the means of obtaining this quantitative estimate of protection
capabilities of structares. An experimental check on the accuracy
of this method is essential.
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ATTENUATION OF FALLOUT RADIATION AS A FUNCTION
OF CONCRETE BLOCKHOUSE WALL THICKNESS

CHAPTER I

INTRODUCTION

1.1 OBJECTIVE

This report presents one phase of a shielding program designed
to test the validity of theoretical calculations for predicting the
shielding afforded by structures against fallout radiation.

The specific objective of this experiment was to verify

theoretical calculations of the effect of wall thickness on the
shielding characteristics of a concrete blockhouse in a unifortly
contaminated fallout field.

1.2 •CKGROUND

An atomic or thermonuclear weapon detonated on or near the
surface of the ground produces radioactive fallout. This fallout
is taken into tbh% atmosphere and distributed over the surrounding
area in a pattern determined by the prevailing meteorological con-
ditions. This radioactive fallout, covering roofs of buildings and
the surrounding ground, constitues a major haiard to the surviving
population. Because of this, judicious use must be made of all
remaining above-ground structures for protection from the radiation
hazard caused by the fallout. It is essential, therefore, to know
3,t how much protection can be expected from these structures in a
fallout field. This information is obtained by direct measurement
or calculation.

Some experimental work on structure shielding has been done on
typical residential structures

1 
and on relatively simple structures2

in simulated fallout fieldr. Because of geometric differences
between one building and another, however, these results could only
be applied directly to similar structures. Recently, a prediction
method developed by Dr. L. V. Spencer at the National Bureau of"Stanftrds (NBS) became axailable. This wojk, contained in Dr.
Spencer's monogrrph on structure shielding , formed the basis of
the Office of Civil Defense (OCD) Engineering Manual' used by
engineers and architects to predict the protection afford•d byexisting and proposed structures against fallout radiation. Al-

though some of the assumptions and calculations made by Dr. Spencer
were based on experimental work, a need existed for a full scale
experimental check of the entire prediction method. The

most logical approach to such an experiment was to begin with a
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simple type of structure, and then proceed to more complex structu-es.
Therefore, a simple blockhouse was chosen as the experimental structure.
The results of experiments conducted to determine the effect of roof
thickness on the gamma dose rate inside the blockhouse have been re-
ported previousl~s. The present report concerns the gamma radiation
penetration through the walls of the blockhouse.

1. 3 THEORY

Details of the calculations involved in developing Spenccr's
prediction method are repgrted in his monograph on structure shielding

k against fallout radiation . The monograph was designed to predict
the shielding characteristics of any structure if certain physical
parameters (dimensions, construction materials, wall thickness, etc.)1
are known.

Spencer accomplished this by reducing as much as possible the
number of independent parameters characterizing a fallout radiation
shielding problem. Fallout distribution was assumed to be of uniform
density erd of infinite ex+-rt. MTe changing energy srectrum that
occurs after the detonation of a weapon was resolved bsy calculating

data for three different energy spectra, namely (if 1.12-hour fission
products, (2) cobalt 60, and (3) cesium 137. The differences in the

density and the shielding characteristics of construction materials
of various buildings were simplified by convertlig to a parameter

called effective mass thickness (X) with the dimensions of weight
per unit area. The expression for this parameter is

X = 2(2/A) p A (1.1)

SWhere: %7Z/A)- is ýhe ratio of atomic charge, Z, to atomic mass number, A,
averaged over the constituent elements of the material.

p is the density of the material

A is the barrier thickness

The dimensionless factor 2(Z/A) is very nearly unity for most
important construction materials, such as wood, bric}4 and concrete;
consequently, the effective mass thickness for these materials
nearly equals the tume mass thickness, defined as weight per unit
area.

Structure shielding analysis may be visualized by examiAtng

Figure 1.1, taken directly from Figure 20.1 of Reference 3. Figure 1.1
shows a blockhouse, similar to the structure studied in the present
experiment, with fallout on the roof and on the surrounding ground.

It is desired that the dose rate be determined at detector position A
at the center of the building, so that at that point the shielding
effectiveness of the structure can be determined.

6(
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A convenient measure for the sh~elding effectiveness is the (dose)
reduction factor RA for the cente- point inside the structure. 'Diis
reductJon factor is defined as the ratio of the dcse inte. DA, measured
at the detector point A inside the structure to the free field dose
rate, Do, measured by an unshielded detector 3 feet above the infinite
and uniformly contaminated plane source, i.e.,

RA = A (1.2)
Do

T'he dose rate at detector DA is due to radiation from all d-rec-
tions. Because of the low density of air, most radiation will travel
in straight lines from the points of emergence from the walls. Thus,
the radiation penetrating the roof is due primarily: to fallout laying
on the roof, plus shyshine (from ground contamination), which is
significant for relatively thin roofs. The radiation penetrating the
walls originates from fallout on the ground surrounding the building.
Since, as pointed out by Spencer, the radiation penetrating the roof
will have little semblance in intensity or directibnal dostributxon
to radiatJon penetratine the walls. it is approoriate to separate
the detector response accordingly.

In Figure 1.1, detector positions B and C, ,ust inside and out-
side the wall, represent points at the same height as detector
position A. Radiation from ground contamination that contributes to
the detector response at position A must first pass through the wall
material and then travel through the distance between the wall and the
detector. The total reduction of detector response at A can be repre-Ssented as the product of two factors. The barriez radrection factor

account° for the attenuation 'f radiation by interactions with the wall
eateria., clearly, this factor is a flunction of the mass thickness X of
the wall. It should be noted that the ratio of the response of detec-

tors placed at positions B and C provides a very good estimate of the
magnitude of the barrier reduction factor. The geometry reductionfactor allows for further reduction of the radiation intensity due to
the finite distance between detector positions B and A; obviously,
'his factor is a function of +he solid angle fraction Q subtended by
the wall as seen from the detector position A. A more detailed anal-
ysis reveals that the geometry reduction factor depends also on the
mass thickness X of the wall as an additional variable.

r The procedures, using Spencer's method, for calculating thereduction factors for the blockhouse are snow.n later in Section 3.4.
Certain basic parameters, such as effective mass thickness, X, and

the solid angle fractions, are easily calculated. From these, other
factors are obtained directly from charts cro graphs in Spencer's
monograph.

I
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CHAPTER 2

DEJGERWD*7TAL EQUIPMENT A 0D PROCEDURES

2.1 W0CKHOUSE

The blockhouse is shown in Figure 2.1. The Inside dimensions

"of the square structure were 12 by 12 by 8 feet. The floor and the
basic i-inch-thick walls were poured concrete. Wall tVicknesses
were added in increments of 3 13/16 inches, or 45.7 psf, to a total
thickness of 11 5/8 inches, or 139 psf.

TABLE 2.1 WALL TRIfCNERSS OF CONCRETE BOCHOUSE

Wall Thickness Mass

AFmber of Concrete Thickness
inches psf

S•4 48
2 7 13/16 93.7
3 P 5/8 139

For convenience, the mass thickness (psf) will be used to
indicate the appropriate wall thickndss in subsequent sections
of this report.

t The 2-by-2-foot windows, centered in three of the walls,

were filled with concrete blocks to the same thickness as the
walls. The fourth wall contained a 2-by-6-foot doorway. A
48-psf sliding door (Figure 2.2) was installed to shield out
the contribution of scattered radiation through this opening.

Supporting 'he roof materials was a 10-inch wide flange
beam (Figure 2.1) that spanned the top of the strcture at the
midpoints of the walls having opposing windows. Tfe roof
for the 48-psf and 93.7-psf walls corsisted of 1 -/32 inches of
steel supported by a 1/2-inch "ayer of plywood extending from
the flange beam to the tops of the opposing walls. The mass

9
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thickness value cf this roof was 50.2 psf. The roof for the 139-psf

wall, however, was increased to 91.5 psf by replacing the steel
with two layers of 3 13/16-inch thick concrete block supported
by 4-inch steel channels extending from tlŽ flange beam to the tops
of the opposing walls. The thickness of the roof was increased to
eliminate the contribution of scattered radiation through the -oot.
Thus, the dose rates at the detector positions were considered to

I represent only radiation penetrating the walls.

2.2 FALLOUT SIMUIATION

It2.2.1 Source Positions. A continuous distribution of fallout
radiatiun was simulated by dividing the field about the test
structure into an array of squares and by placing a point isotropic
source at the center of each. Instead of having sources at each
of the points simultaneously, a single source was moved over the

successive centers until the total ares represented was covered.
Because of the symmetry of the experimental structure, only one-
eighth of the surrounding fallout field required simulation. Image
detector positions were 'planed within the structure to obtain the
dose contribution for the entire field.

Figures 2.3 through 2.5 show the source positions In relation-
ship to the blockhouse. These figures show that the contaminated
area is bounded by two straight lines intersecting at an angle of
450 at the center of the structure.

The grid spacing was chosen so that the outside dimension of the

structtve was a multiple of the grid spacing adjacent to the

structu.e. The overall size of the 48-psf wall building was 152 by
152 inches. Thus, the individual grid spacing for the 48-psf wall
was 25 1/3 by 25 ]/3 inches, or 4.46 fta. To reduce the number of

W dose-rate measurements, the grid area was increased by a factorof 4 after every third raw.

A similar pattern was followed in determining the source
positions for the 93-7-paf wall. The overall size of the building

increased to 160 by 160 Inches; therefore, the site of the grid
adjacent to the blockhouse was 26 2/3 by 26 P/3 Inches, or
4.93 ft

2
. Likewise, the grid area was increased by a factor of

4 after every tnird row.

. .1



ROW x 50 52 53

ROW•J 46 47 40

ROW I 4042 4 44

ROW H 85363f ROW H

ROW G 31 i2 33

ROW F 25 -!3 27 2. 29

ROW E 10 2L. 2223

ROY. 0 16 17 I 9

ROW C
ROW A
ROW A1-1.-

Figure 2.3 
4
8-psa vall grid pattern, rows A-K, point source

positions l-54.
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ROW 75
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77 63
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ROW K
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II
ROW 1 40 41 42 43.

23

ROW D 136 0 is

ROW A

Pigure 2.4 93.7-psf vall grid pattern, rows A-I, pOirt

solree ]positions 1-45.
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ROW R 858 d 9 0

ow 85 86 87' 8• 8• 9

ROW 0 8'0 1 3*2 8 8

ROW P 76 7'7 78 7

ROW 0 70 71 72 73 74

ROW N 65 66 dI 6

ROW M elI Cý2 6

ROW L

ROW K

"LOCKHOUSE
Figure 2.4a. 93.7-psf waUl grid puttern, rmas J-R, point

source positions 46-90.
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RO~ 25 26 27 28 29

ROW E 20 21 22 i4

ROW D ,6 17 i8

ROWC ol 12 13 14

Figure 2.5 139-psf wall grid patt-rn, rows A-F, point source
positions a.e and 5-30. Remaining rows are the
same as those for 48-psf wall grid pattern

(Figure 2.3a).
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Except for Row A, the same grid size used for the 139-Psf
wall was used for the 48-psf wall. Row A was divided into five grid
areas (see Figure 2.5) rather than the four used for the 48-psf
wall to facilitate area representation by the single point source.
The grid size in Row A was 17 1/3 by 21 inches.

2.2.2 Detector Positions. The detector leyc.t is shr.n !n
Figures 2.6 and 2.7. Figure 2.6a is a plan of the building shosi"p
the position of the primary detectors with respect to the walls of
the building, and Figure 2.6b shows the detector positions with
respect to the floor. This information is summarized in TableS2.2.
TABLE 2.2 POSITION OF DEMThMORS INSIDE BOOCCHCUSE

SPerpendicular Perpendicular
Detector Distance to Distance to Height Above
Position Wall 7 Wall II Floor

feet feet feet

A 1 1 3
B 3 /2 3 1/2 3
c 6' 6 6 6
S03' 6 6 3

* 0' 6 6 0
D 3 1/2* 6 3

E 11 6 4

E1 3 6 3
E 42 1 6 2

* Note: This detector position was at ground level directly above the
center of a 16 by 16 by 16-inch hole in the center of the
blockhouse.

Primary detectors (capital letters) and image detectors (small
letters) were placed within the building as shown in Figure 2.7.
Figure 2.8 illustrates the method employed to determine the dose
rate at the prJmary positions usihg only one-eighth of the fieldr about the structure. In Figure 2.3a, it was desired to measure
the dose rate within the structure, at position A, from radiation
originating from contaminant in the four shaded squares and in the
four unshaded squares. Because of symmetry, the source-barrier-
detector arrangement could be represented by three image detector
positions so as to obviate placing a source in three of the four
shaded areas of Figure 2.8a. Furthermore, for each of the detector
positions, there was an unshaded square contributing the same
radiation field as a shaded area. Therefore, the unshaded area

181
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f . CONTAMINAteD OC•. Nr

CONCRETE WALL BLOCKED

WINDOW WALLI,. I. I
f]I+E ,4+-A

332L. .1 WALLE

-~ 2

6 +D 14-B

DOORWAY + 4C BLOCKED
WINDOW

CLOCKED
WINDOW

Figure 2.6a Plan of primary detector positions vithin

biockhouse.
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contribution could be accounted for by doubling the contribution
indicated by a source at the center of a shaded area. As an
example, the dose rate, DA, at position A for the eight contaminates
areas shown in Figure 2.8L was

DA = 2(DA 1 + D+ + D 3 + %a) (2..)

For the renter detector positions, the three image detector

positions were superimposed upon the primary position. There re,
the dose rate at a center position for the above-mentioned contami-
nated areas was eight times the single dose-rate measureLent.

As shown in Figures 2.3, 2.4, and 2.5, the diagonal areas
I- 'reated as right triangles and the source was placed at the
uP oint of the hypotenuse of the triangular area. In determining
the continaous distribution dose rates it was necessary to halve
the single dose-rate measurements to properly weight this area.

2-3 RkEImQCnyg SOURCES

The gamma radiation sources used in these experiments were
cobalt 60 and cesium 137, (Figumes 2.9 and 2.10). Cobalt 60,

Semitting 2 gasma photons of 1.17 and 1.33 MeV, was used in source
W tre:.gths of 0.346 curies, 3.25 curies, 98.7 curies, and 395 curies.

Cesium 137, emitting a single gamm photon of 0.661 MeV, was used
in source strengths of 1.32 curies, 8.69 curies, and 100 curies.

E2.4 SOURCE. RANING EQUL4 AND PROCE0URES

In simulating fallout contamination with point sources, the
high intensity radioactive sources were exposed remotely to
insure personnel safety, and were exposed close to the ground
to simulate ground contamination. The following methods were
used to accomplish this:

.i Direct place•ent of s iurce on the ground2, Airlift system &Ione

3. Airlift system with tilter
4. Airlift system with tilter and reverse-airflow system

The first method involted removing the source from theSs.nicid with a permanent magnet and q~iekly placing it in a

plas~tic holder resting on the source position. This procedure
was used only with the 1.32-curie cesium 137 source and the

C 23
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__OUTER PLUG (PRESS FIT)
TYPE 410 OOMAýN.i

STYPNESS1-STEEL93-STE

TYPE 3IC STAINLESS-STEEL

INNER PLUGAI(PRESPT
TYPE 316 STAINLESS-STEEL

IICsW CI, ACTIVE MATERIAL

Strength Dimensions of Active
or Dimension Material

Source A B C -Diameter I eight
curies Inches Inches

1.32 0.252 0.925 1.181 0.157 I 0.157
8.69 0.329 1.38 1.754 0.236 o.224

100 0-J492 1.575 1.950 o.394 1 0.905

Figure 2.10 Detail of construction of cesium 137 sources.
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0.3
4
6-curie cobalt 60 source for the positions of Rows A, B, and

C with the 48-psf wall.

A section drawing of the airlift system is shown in Figure
2.11. Briefly, the system consisted of the source, the shield,
and a riser-tube assembly. To lift the source from its lead" sield, a lead plug waý removed and a stainless steel riser
plug, containing two concentric aluminum tubes, was inserted
±nto the cavity of the shield. An air hose near the base of
the aluminum tubes was connected to an electrically operated
air compressor that forced air down the outer aluminum tube
and under the source, pushing the source upward into the alumi-
num tube. A preset stop rod in the riser tube controlled the
height to which the sours" would move. The source remained
suspended in the aluminum tube until the power to the air
compressor was turned off.

mhe airlift system alone was used only for Row P through
Row R (Figure 2.4) where it vac not required that the source be
positioned near the ground. At these points the source-to-detector

distances were large; therefore, the difference in slant thickness
hrough the blocknouse -ails was insignificant whether the source

a was near tne ground or as mich as 2 feet above the ground.

Beginning at, Row D, where it was necessary to position a high-
xacd•tvy source near the ground (source could not be handled manually),

the airlift system was used in conjunction with toe tilting mechanism,
Figare 2.12. This device cos-asted of a two-wheeled trailer with

mounted supports holding two trunUiors. A face plate was welded to
tne adjacent enos of each trunnlon. Adapter plates with bolt holes
were welded to opposite sides of each shield to match the plates on

o- .the trannion. The shield was placed between the plates and bolted
in place. With the riser tube clamped in place, the shield was
tilted by remotely actnvatir•g a 1:0-volt AC ratio motor. This
motor drove a system of pulleys and V-belts that reduced the ro-
tation speed and caused the shield to tilt to about 110O from the

sveitical. The source vas then ejected from the shield with the
ir compressor. Source height above The ground was adjusted,

prior to exposure, by means of a positioning rod of the sans
length as the riser tube. At source positions near the building"(Rows D and E), the height of the source above the ground was
approximately 3 1/2 inches. At source positions farther from
the blockhouse it was sometimes necessary to place the source
as much as 8 inches above the ground so that the source would
'see" the entire building. The source was returned to the
shield by Lprighting the ricer tube and shield. An average

detector response was determnned for the dose ýontribution during

26
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Slop Ro0d

Alu monum Rihi'
Tu be

Wirt Attached To Clip
For Releasing Stop Rod

inCase Source Sticks
Inn Riser Tube

Rope Attached To
Arm On Trunnion
For Uprlghling Shield Air Ho T a

Relea!sing Tension

Lead Shield Balled
0 To Rotating Shiuflo

F Portable Two-

Il(,-V Gear Motor

System Providing Scewsin
Shield Tilt Rate Of@ crw

Figure 2.12 Sl'Aeld tilter.
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the time that the source traveled from the ground position to nearlf
above the shield. This contribution was subtracted to give the
detector response while the source was at ground level.

The fourth and final source-exposure method, the airlift system

and tilter with the reverse air-flow system, was employod for source

positions near the blockhouse where the wall thickness under study was
too great to permit use of a low activity source. Since the dose
contributed while the source was being returned from the gro. Ai
position to the shield would be a significant part of the total dose
reaching the detector, it was undesirable to use the tiller mechanism
with the normal air-lift system. This system, shown in Figure 2.13,
entailed the use of an adapter (an aluminum tube the same inside
diameter and wall thickness as the riser tube) which was threaded
on the upper end of the riser tube. A rubber hose was attached to
a smal aluminum tube extending from the cap of the adapter. This
taue and the air inlet at the base of the riser tube were connected
to opposing outlets of two, remotely operated, three-way solenoid
valves which controlled the direction of the flow of air. With air
pressure being supplied by a compressor pump, air could either 'o:
made to flow through the shield, pushing the source to the end of
the adapter, or to flow through the adapter, thus, pushing ths
source back into the shield. This method was used to expose a
high-intensity source to a height of 1/2 inch above the ground at all
source positions of Rows A, B, and C with the 93.7-pef and 139-psf

walls.
To reduce the number of source-position measurements, a method

was devised for estimating the dose rate at as many source positions
as possible. Sufficient radial lines were drawn from the center of
the building to the boundary of the experimental radiation field so as
to pass through each source position. Results of the dose-rate
measurements for the 90 source positions for the 48-psf wall thickness
indicated that, for the center detector positions, a plot of the dose
rate versus horizontal distance from source t, detector for t:,- source
positions on a given radial line yielded a straight line on log-log
paper. Therefore, for the greater wall thickness, the dose rate at
s•an" source positions could be estimated by obtaining sufficient
points to construct the dose-rate distance curve. The source posi-
tions for which this procedure was used are indicated in the tables
of the appendix.

2.5 INSTRUMTATION

2.5.1 Radiation Detectors. Quanitative measurements of

the dose inside the blockhouse were obtained with the following
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air-equivalent ionization chamber dosimeters and charger-reader
(Figure 2.14)

Dosimeters: Victoreen Model 239, Range: 0-10 mr
Victoreen Model 208, Range: 0-1 mr

Charger-Reader: Victoreen Model 287 Minometer

These detectors were calibrated against a Victoreen Model

130 dosimeter, range 0 to 0.25r, charged ang. read en a Victoreen con-
denser r-meter model 70, which had been calibrated by the National
Bureau of Standards (NBSr . The calibration was made at two energy
levels, 215 keV and 1,250 keV. The correction factor for cesium 137
was obtained by linear interpolation for 661 keV photon energy level
between the two measured energies. It was estimated that the correc-
tion factors were accurate within E3 percent.

When taking dose measurements, the dt.imeters were exposed
for a time sufficient to give a reading of not less than 50 percent
of full scale. Readings could be reproduced within *1 percent of
full scale. The total dose received by a dosimeter was recorded
with the time required for the exposure. This information was
converted to dose rate in milliroentgens per hour.

2.5.2 Survey and Detection Instruments. Survey and detection
instruments included the following:

Tracdrlab Midel SU3 Laboratory Monitor
Nuclear-Chicago-Model 2586 Survey Meter (Cutie-Pie)
Victoreen Mod 1 389 Survey Meter (Thyac)

The Tracerlab Model SU3 laborator3 monitor was used to indicate

the exit and return of the source to the shield. This system, in
conjunction with an electric timer, was also used to determine the
length of the exposure time.

The survej meters were used to estimate the dose rate within
the blockhouse at the various detector positions.

2.5.3 Miscellaneous Instrumentation. Correction factors were
necessary to correct the responses of the dosimeters to standardatmospheric conditions (CPC and 760 = Hg).

Atmospaeric pressure was measured by a U. S. Army Signal Corps.
mercury barometer. The instrument could be read to *0.1 m Hg.

Air temperatures mere measured by a Yellow Springs Instrument
Co. Model 44 Telethermometer equipped with a Model 405 thermistor
air probe.
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2.5.•4 Field LaborMtory Facility. A 16-fow-squbae wooden
building near the edge of the test area provided a reasonably dust-

free place to charge and read the dosimeters. A 32-Inch thick concrete-

block shielding wall vas erected along tvo sides of the building to

reduce the radiation level sufficiently to allou continued occupancy

by test personnel and to permit dosimeters to be rea vhhile the field

test vas in progress.
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C}IPTER 3

EVERDIM L AND THEORETICAL RESULTS AND DISCUSSION

3.1 DkTA TRFA74ENT

Table 3.1 is a sample data sheet showing the treatment of the
radiation measurements for the 48-psf wall from one source position1 .
The radiation dose measurements were corrected for atmospheric
conditions, radioactive decay, and dosimeter calibration, and normalized
to yield the dose rate for a source strength of 1 curie. The normalized
dose rates were recorded on analysis sheets as shown in Appendix A,
Tables Al through A6. The point-source data were then integrated to
obtain the dose rate from a square radiation source field with uniform
contamination density. For example, in Table A-1, the sum of the dose
rates 3 feet above the center of the floor of the blockhouse from the
source positions of Row A (source positions 1-4), multiplied by 8 and
by the area simulated by each source position, shows the dose rate at
this location, if Row A completely surrounded the building.

3.2 INFINITE FIELD DOSE RATES

In these experiments the radiation field could be constructed
only to a finite distance from the blockhouse; whereas, in an actual
fallout field, the dose rate at a detector location within the
building is due to an effective infinite field of contamination.
The infinite field dose rates within the blockhouse were determined
by extrapolation based on experimental open field dose rates given
in Aeference 7-

From data provided in Reference 7, the dose rate 3 feet above
the open field was determined for the same source geometry and source
strength per unit area as that used for the blockhouse wall and roof
penetration measurements. Contaminant located on the roof for the
blockhouse measurements was located on the ground for the opln field
measurements. Tables 3.2 and 3.3 show the dose rate 3 feet above
the oper, field for cobalt 60 and cesium 137, respectively. The
physical size of the source area is indicated by the distance, d,
which is the minimum distance from the center of the field to the
outer boundary of the square simulated fallout flildo or, as in-
dicated in Tables 3.2 and 3.3, half the length of the contaminated
field.

Tables 3. rough 3 9 show the experimental dose rates within
the blockhouse in (mr/hr)/(curie/fts ) totaled through'each square
radiation area for the center detector positions at the 6-foot and
3-foot heights anQ at ground level.
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TABLE 3.1 SAMPL. DkTA SUET

Wall Thickness: 48 psf (4 inches concrete)

Source Position #1
Source: 0.346-Curie Cobalt 60
Atmospheric Correction Factor: 0.996
Radioactive Decay Correction Factor: 1.093
Curie Normlization Factor (to 1 curie): 2.89

S~Dosimeter
Detector Dose Exposure Calibration Corrected

Position Reading Time Correction Dose Rate_ _FactorSmr m~in (mr/hir)/curie

A, 7.95 23.0 1.11 72.4

a. 6.9 33.09 1.io 43.3

a3 .96 5.6 1.17 37.9

a, 0.97 5.60 1.21 39. -

B, 8.6 9.73 1.09 1P2

7-55 23.0 1.10 68.3

b3  9.05 33.09 1.11 57.5

b4 9.2 17.16 1.10 ill

c6, 7.35 23.0 1.07 64.5

C3' 9.2 17.16 1.09 110

CO' 10.0 17.16 1.15 126

D, 8.8 9173 1.I0 188

S8.9 17.16 1.09 107

d3  7.0 17.16 1.08 82.8

d4  7.6 23.0 -. 15 71.6

E4'i 6.7 9.73 1.11 144

e4' 2  83. 23:00 1.14 74

eZ•' 7.3 33-09 1.10 45.7

e'.4 • 7.7 33.09 1.11 48.8

E21I 7.25 2.76 1.10 547
e2'2 9.8 23.0 1.11 89.2

e2'3  7-55 33.09 1.09 47.1

-eZ" 8.6 3.09 I.10 53.7
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TABLE 3.2 CUMULATIVE DOSE RATES 3 FEET ABOVE AN OPEN FIELD

CONTAMINATED WfH COBALT 60

d

Row Lenth of Field Cur.Lative

2 Dose Rate

feet (mr/hr)/(curie/ft')

AA* 2.12 28,100

BB* 4.24 69,300

SCC* 6-3; 101,000

A 8.44 126,000

B 10.6 147,000

C 12.7 163,000

D 16.9 191,u0

E 21 1 212.000

F 25.3 229,000

"G jG 33.8 256, 000

H 42.2 277,000

I 50 7 294,000

J 6-.6 319,000

K 84.4 339,000

L 10"- 355,000

A 2!35 380,000

N 169 397,000

0 270 432,000

( 338 446,000

R 443 2,000

*This portion of the radiation field would be occupied by the
I experimental blockhouse.



TABLE 3.3 CUMULATIVE DOSE RATES 3 FEET ABOVE AN OPEN FIELD
CONTICAMIAED WITH CESIUM 137

d 1 Cuxu•tive

ROW Length of Field i DEle Rtte

feet (mr/hr)/(curie :t )

SAA* 2.12 7,490

BB* 4.24 18,300

cc* 6.36 27,000

A 8.44 34,100

B 10.6 39,600

S12.7 44,200

D 16.9 51,700

E 21.1 57,500

25.3 62,100

33.8 69,100

H 42.2 74,700

I 50.7 79,000

J 67.6 85,700
84.K -4 90,g00

L 101 95,200

135 101,000

N 169 105,000

0 202 109,000

P 270 u4,oooIQ 338 117,000

RP 405 119,0o0o

""This Portiol, of the radiation field would be occupied bf the
experimntal blockhouse.
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ABLE 3.4 OU4UIATIVE MEMLUNAL DOSE RATES AT CM-MR DETOECTR
POSITIONS, COBALT 60, 48-PSF WALL TKIC'mES

d
Source Length of
Row Field Cumnulative Dose Rtes

2 Center - 6 ft Center - 3 ft 0enter-round
l[ | Level

feet nrhr/fr)/(curoejfftý

A 8.44 6,67o 9,420 1¢,13OO
B 10.6 13,2-C 17,700 18,300

C 12.7 19,400 24,900 24,900

D 16.9 28,800 34,7W-• 33,500

E 21.1 35,900 4-,0 O 39,68

F 25-3 41,700 48,.00 44,2O0

G 33.8 51,500 58,000 52,100
H 42.2 59,200 66,ooo 57,&80

I 50.7 64,600 72,100 61,90o

J 67.6 73,500 81,4W0 67,6W0

K 84.4 80,2W0 88,9W0 72,100

IO1 85,500 94,600 76,10O

135 93,400 103,000 82,400

N 169 99,500 110,000 87,100

P 104,0OO 114,000 90,700

270 110,O0 221,000 95,700

Q 338 115,000 126,000 99,400

R 405 117,000 128,000 101,000
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ShBL2 3,5 C12I'AM -T ERDOMx L DOSE RATE AT CMER Dz O'ORC

PoSITIos;S, COBALT 60, 93.7-PSF WAUL T•i],SS

Fource ienth of
HO'W _ield Cui lative Dose Pate• -I I Len der - b fft e 3t Center-UrcMdJ _________T~evel

feet (r/hr)/(curie/fte)

IA 8.89 2,120 3,880 3,910

"- 1.1 ,6,51,0 6,350Sc 13.3 6, 1?70 8,81o 8,310 --

D. 9,410 12,400 11,200

E 22.2 212,200 15,300 13,1Oc

I 26.0 -4,500 17,600 1LC50
SG 35.6 17,8x0 20,900 16,800

if 44.4 20,700 23,60. 18,00o1 1 53,3 23,300 26,ioo 19,200
. 7!. 1 26,7-o 29,500 201900 .

K 88-9 29,10C 32,300 22,600

L 107 31,600 34,500 24,i00
4 ± -. 2 31,70 32,300 25,900

N78 i 37,000 40,100 27,500

0 213 ý3,800 41,goo 28,600

p 1 284. 41,2010 I 11.1.300 30,3=,

S356 43,000 46,20o 31,700

R 427 14,300, 4, J 32,800

1 39
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TA•LE 3.6 Cu4ImATIVE mmldENAL DOSE .ATiS AT CNIEN- DSI-'Tw R
POSITIONS, COBALT 60, 139-PSF WALL T.IItH2fSl

d
Soa'ce Length ofz
SoacW Field Cne ulatire -D e Raes

S2 Center - 6 ft I Center - 3 ft etrGon

Level

feet (mr/hr)/(curie/ft')

A 8.L4 371 666 722

B 10.6 897 1,460 1,64o

12.7 1,500 2,190 2,260

0D !6.9 2,490 3,350 3,260

E 21.1 3,390 4,290 4,020

F 25.3 4,040 5,000 4,640

a 33.8 5,130 .6,190 5,360

H 4-.2 5,970 7,120 5,960

I 50.7 6,640 7,800 6,310

J 67.6 7,610 8,770 6,850

K 84.4 8,430 9,630 7,280

L 101 8,990 10,200 7,680

M 135 9,850 11,200 8,24c

N 169 10,700 12,100 8,540

0 202 11,300 12,700 8,900

P 270 12,100 13,600 9,590

Q 338 12,900 14,500 9,860

R 405 13,400 14,9oo 1o,2CO

-I
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TANLE 3.7 CtWJIATIVE EX1EIMUENTAL DOSE BATES AT CENTER DETBcOr
POSITIONS, CmSItam 137, 48-PSF WALL TICKMNESS

d
Source Length of Cumulative Dose Rates

Row Field Center - o ft Center - 3 ft Center-Groi ne
2| Level

feet mr/hr)/(curie/ft'

A 8.45 1,010 i,660 1, 10
B 10.6 2,)90 3,210 2-53)

C 12.7 3,310 4,500 3,670

D 16.9 5,350 6,540 5,360

E 21.1 6,930 8,290 6,480

F 25.7 8,200 9,520 7,410

G 33.8 10,100 11,400 8,250

H 42.2 11,600 12,800 8,940

1 50.7 12,700 13,900 9,420

67.6 14,200 15,500 10,200

K 84.4 15,400 16,800 i0,800

L 101 16,400 17,700 11,300

135 17,700 19,100 12,100
N 169 18,700 20,100 12,800

0 203 19,500 20,900 13,200

P 70 20,600 22,000 14,100

Q 338 21,300 22,800 14,600

B 4o5 21,900 23,400 15,100

j 41
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TABLE 3.8 CIm4UIATIV2 EXPESIMENoAL DOSE RPATES 1T CNTER DETECITR
POSITIONS, CESItL4 137, 93.7-PSF WALL THICKNESS

d
Source Le.gth of
pow Field Cumulative Dote I'te _

2 Center - 6 ft Center -- 3 1 Center-Grounr d
Level

feet mr/hr)/(cure/ft),

A 8.89 259 475 '475

B 11.1 569 911 871

C 13.3 869 1,280 1,180

D 17.8 1,250 1,680 1,510

E 22.2 1,620 2,060 1,780

? 26.7 1,930 2,370 2,010

G 35.6 2,350 2,790 2,27W

H 44.4 2,720 3,160 2,500

I 53-3 3,020 3,470 2,670

1 71.1 3,410 3,870 2,860

K 88.9 3,760 4,220 3,070

L 4c7 4,o04 4,510 3,220

m i24,440 4,920 3,470

S178 4,770 5,240 3,690

0 213 5,020 5,510 3,860

f4
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TABLE 3.9 CUMUIATIVE EXPERD2ML DOSE PATES AT CMTER DErECTOR
POSITIONS, CESPI 137, 139-PSF WALL THI(CIESS

d
So•orce Length of
R. Field Cumulative Dose Pates

2 Center - 6 ft Center - 3 ft Certer-Gro2ad
I _eVe]

feet (mr/hr)/(curie/ftV)

A 8.44 26.8 52.8 62.9

B 10.6 72.2 128 141

c 12.7 130 208 209

D 16.9 240 341 310

E 21.1 329 432 375

F 25.3 402 509 1,2

37.8 516 629 512

H 42.2 600 718 572

I 50.7 669 7b8 614

J 67.6 780 909 695

K 84.4 859 998 760

L 101 971 1,070 804

43I
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Figures 3.1 through 3.6 show the cumulative dose rates fron Tables
3.V+ through 3.9 plotted versus d, defined as half the length o the
source field or the perpendicular distance from the boundary of the
source field to the center of the blockhouse. The top curve of each
figure is the 3 foot-high open-field dose rate obtained from data in
Reference 7. For values of d greater than 100 feet, the resulting
curves for the various wall thicknesses show a family of curves parallel
to the open-field curve. It was assumed that the constant ratics
between the open-field dose rate and-the dose rates at the center of
each of the three structures continued for an infinite di.tance. This
made it possible to determine the infinite field doses within tht
structures based on the open-field dose rate reported in Refercuce 7.

The cobalt 60 source field extended to a distance, d, of 405
feet for the 48-psf and 139-Psf walls, and to a distance, d, 'of 427 feet
for the 93.7-psf wall. The data from Reference 7 indicate that 92 per-
cent of the infinite field dose rate was obtained by the 405-foot
field, and 92.5 percent of the infinite field dose rate was accounted
for by the 427-foot field. The infinite field dose rate 3 feet above
the floor at the center of the blockhouse (wall thickness, 48 psf), in
the cobalt 60 radiation field was determined to be

E Di
DC Iý A iý(3.1)

31 0. 92.ý
#N.

Where: Z D, indicates the sum of the dose rates from source rows
IA A through R.

Similar calculations were made for the 6-foot and ground-level detector
positions for all wall thicknesses.

Because of the limited strength of the cesium 137 source, it was
not possible to obtain a radiation source fielM as extenstveýab that for
cobalt 60. With the 48-pof wall, the cesium 137 radiation field ex-
tended to a distance, d, of 338 feet. A field of this size represented
92 percent of the infinite field dose. The source field for the 93.7-Psf
wall could be extended only to 213 feet which included only 87 percent
oa the infinite field dose. Finally. the cesium 137 source field for
the 139-pof wall extended only to 101 feet which represents approxi-
mately 75 percent of the infinite field dose. The infinite field dose
rates for the various wall thicknesses are suamuaized in Table 3.10.

Figurea 3.7 and 3.8 show the infinite field dose rate versus
wall thickness for cobalt 60 and cesium 137, relspectively. The
dose rate, Di, at zero wall thickness was obtained by subtracting
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Figure 3.7 Intlit field dose rate versus wall thickness in the
center of th•- blockhouse.
Source: Cobalt 6o.center..th-
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TABLE 3.10 INFINITE FIELD DOSE PATES AT TIM CENTER~ POSITIONS OFF TAL
CONCI=1' BLOCKHOUSE

Detector 48-pif wai l 93.7-psf Wall 1,, -psf Wall

Height

feet ýmn/hr)/(curie/ft') (mr/hr)/(curle/ft?) (mn'hr)/(curie/ft
5

)

9: Cobalt 60

6 127,000 47,900 14,6oo

tm

3 140,000 51,500 16,300

0 111,000 35,400 11,100

br'; Cesium 137

6 23,400 5,750 1,280

3 24,800 6,16o 1,480

0 15,700 4,770 1,110_

the contribution of sources within the area covered by the blockhouse
from the in~finite field dose rate. Both cobalt 60 and cesium 137
radiation show approximately expornential attenuation of dose rate as
a function of wall thickness up to 139 psf for detector heights of 0
(ground level), 3, and 6 feet.

3.3 EXPERINML REDUC~TION FACTORS

Teexperimental reduction factors, R, were determined by dividing
the experimental infinite field nose rate, D, from Table 3.9, by the
open-field dose rate, Do~, determined from Reference 7. Poi example,
the reduction factor 3 feet above the center of the blockhouse floorfor the 48-psf wall in a cobalt 60 field is

R 6 /Dl 140,000 (m,/hr)/(curie/ft
2  

0,282 (3.?)
6 497,000 (mr/hr)/(curie/ft

2
)

"• " "24800 ,160i, h0 i--53



The redaction factor at the same position in a cesium 137 field is:

R = D/Do = U2•81:00 t('02r=lo.194e(3t3)
De12,000 mrlhrlcurie/ft - 0191 (3.3)

The experimental reduction factors are listed in Table 3.11.
Also shown are the theoretical reduction factors as calculated oy
Spencer's method and explained in Section 3.4.

3.4 TH!nRmTCAL REDucTON FACTORS

Details of Spencer's methods of obtaining the formulas used in

the calculation of the reduction factors are given in Reference 3;
therefore, no extensive discussion will be given in this report.
The formulas used in calculating the theoretical reduction factors

* are as follows:

~toRe' .... = D/D0 = 4W(X,h) Wal(X,h,a• 03.41

Where:

the factor of 4 converts the contribution through one wall to
account for the four walls of the blockhouse; the function
W(Xh) is the barrier reduction and is dependent upon the
effective mass thickness, X, of the wall and the height, h,
of 'he detector above the ground.

The function Wal(X,hP5) is the geometry reduction factor and is

written as follows:

Wal(X,h,s) = b(X) W5 (h,s) + 1.151 - b(X)] pa()(s(,A) (3.4a)SWhere:
W b(X) is the proportion of unscattered gamma rays estimated

by the ratio

p(O) (x)IP(x)
Wi Where:

P , (oY(X) is a function obtained by subtracting P(S) (X), the

total detector response due to scattered radiation from a
point eo•ree in en infinite ho-o-ne--smediun, from P(X),
the total detector response to radiation from a point sceirce
in an irfinite homogeneaasmedlu', or

P(O)(x) = p(x)-P(r)(x) (3.4b)

54
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incident In a limited cone of directions shout so axis parallel to
the primary source plane at height, h, relative to the response of a 2g

Pa(h)&,m) is the ratio of the detector response to scatterec
radiation from a point source incident within a cone of directions
about the radial axis from detector to source to the total responsi
of an isotropic detector to the scattered radiation, extrapolated
for the limit of infinite distance from source to detector.

The factor 1.15 is ;n roduced into the expression to normalize
the point source data PAkS to the plane source data Wa.

In all cases, a is the solid angle fraction subtended ty the
wall at the detector and was calculated according to Section 41,
Re-ference 3.

Values of all functions shown in Equations 3.4 and 3.5 were
obtained from graphs shown in Reference 3. The theoretical results
in Table 3.11 were obtained by substituting the appropriate vsr :.!'
in these equations. •

3.5 COMPARISON OF EXPERW AL AND THEOREICAL REDUCTION FACTORS

Figures 3.9 through 3.14 show the experimental and theoretical
reduction factors versus wall thickness obtained from the data shown
in Table 3.11. For cobalt 60 (except for the ground-level detector
position) the maximum difference between experiment and theory was
approximately 15 percent. For cesitm 137 (except for the ground-
level detector position) the maximum difference between experiment
and theory was approximately 20 ,percent (maximum of 5 percent for

"the 3-foot height).

For the ground level detector position, the theoretical re-
duction factors were higher than the experimental. For cobalt 60,
the difference between experiment and theory was as much as 45
percent; for cesium 137, as much as 30 percent. This greater
difference at the ground level detector may be attributed in port
to energy degradation caused by shielding of the detector by the
ground and to the uncertainty of the values which were used in

Equation 3.4 for calculating the theoretical reduction factors.
These were obtained from graphs which were read either from the
3-foot height curve or extrapolated to zero height. Further,
Spencer's monograph states that serious errors could result from
using Equation 3.4 in situations where the detector is far re-
moved from being directly opposite the center of the wall. Thus,
it is possible that the theoretical reduction factors presented are
too conservative.
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CONCLUSIONS

4.1 CONCLUSIONS

Experimental and theoretical reduction factors 3 feet and 6 feet
above the center of the floor of the concrete blockhouse with wall
thicknesses of 48, 93.7, and 139 psf agreed within *15 percent for
uniform plane source of cobalt 60 and within *20 percene for casium 37.

Cobalt 60 and cesium 137 radiation show approximately exponent
4

l
attenuation of dose rate as a function of wall thickness rarglnr frona
48 to 139 psf for detector heights of 0, 3, and 6 feet.
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APPESND3

Experimental Point Source Data

The following pages contain the point source data for each wal)
thickness for the source positions shown in Figures 2 ' no 2.5 of ttis
report. Also shown is the dose rate contributicn from each row,
obtained by converting the point source data to uniformly contaminat -d
area source.

Special attention is called to the notation on Tables A4 through
A6, listing the data for cesium 137. All cesium 137 data must be
multiplied by the factor 0.924. This change resulted from a recal-
culation of the specific gamma exposure rate of 1 curie of cesium 137
in air. This recalculation was made by Dr. A. Foderaro of Pennsylvania
State University while working under Nuclear Defense Laboratory
contract No. DA 18-i08-AMc-24-A*.

The cesium 137 data shown on the tables were normalized on thebasis of a specific dose rate of 0.39 (r/hr)/curie at one meter. The

factor 0.924 is the ratio which converts the data to the recalculated
value of 0.36 (r/hr)/curie, i.e.:

6 curie = 0.924
• •_2.• • • 039 (rlhr)cure

Dr. Foderaro suggests that the value of 0.39 r/hr obtained from

the Naticnal Bureau of Standards Bandboox no. 4 does not taxe into
aceount that only 92 percent of the cesium 137 disintegrations are
accompani~ed by gaa rays; the remaintng 8 percent are beta transitions
to the grouna state of the daughter.

All dose rates in the text of the report have been corrected by
the above factor.

* Foderaro, A., Private Communication to R. E. Rexroad, 17 January 1963.
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